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INTRODUCTION 
This  study i s  p a r t  o f  a general e f f o r t  t o  understand the  sawing process 
f o r  s i  1 icon, i n  p a r t i c u l a r  the i n t e r n a l  diameter diamond sawi nq process (1). 
Fig. 1 i l l u s t r a t e s  the  geometry schematical ly.  An i dea l i zed  process may be 
described a s  fo l lows :  a r o t a t i n a  annulus w i t h  diamond p a r t i c l e s  coa t ing  i t s  
inner  r i m  i s  caused t o  move through the  c r y s t a l  i n  a p e r f e c t  p lanar  motion. 
The contact  stresses and scraping a c t i o n  from the  diamond p a r t i c l e s  causes 
mu1 t i p l e  i n t e r s e c t i n g  cracks and comminution o f  the  s i l i c o n  t o  be ker fed  
out.  
I n  p r a c t i c e  there  a re  many dev ia t ions  from the  i dea l  process which cause 
defects  i n  the  s l i c e s .  The present approach was t o  s e l e c t  one de fec t  t h a t  
was known t o  be caused by sawing and about which there  ex i s ted  somz shop 
knowledge, then t o  t r y  t o  understand t h a t  de fec t  so t h a t  prevent ive a c t i o n  
could be taken. The chosen de fec t  occurs where the  saw e x i t s  the  c r y s t a l  
a f t e r  c u t t i n g  a s l i c e  and i s  there fo re  termed an " e x i t  ch ip" .  F igure 2 shows 
a t y p i c a l  e x i t  chip.  
E x i t  ch ipp ing decreases the f r a c t i o r ~  d f  sa lab le  s l i c e s ;  i f  such s l i c e s  
are passed t o  a semiconductor s l i c e  processing f a c i l i t y ,  they generate f e a r  
o f  increased p a r t i c l e  generat ion i n  hand1 ino.  I n  add i t i on ,  e x i t  ch ipp ing 
may be accompanied by deeper-than-usual damage i n  the  s l i c e  i t s e l f .  Since 
s l i c e s  w i t h  e x i t  chips may be screened out,  and surface removal procedures 
ma; be adopted t o  remove the ex t ra  damage depth, the  phenomenon o f  e x i t  
ch ipp ing i s  merely a nuisance i n  t he  semiconductor indus t ry .  
To another i ndus t r y  -- low cos t  so la r  c e l l s  -- the  e x i t  ch ip  may be 
very important i r i e e d  under another name: a "saw f r ac tu re " .  I n  t h i s  case 
the " e x i t  ch ip "  i s  more extensive, s t a r t i n a  much f a r t h e r  back i n t o  the  c r y s t a l  
because o f  the  t h i nne r  s l i c e s  and h iph  c u t t i n g  ra tes  requ i red  f o r  low cost .  
Table I shows a comparison o f  s p e c i f i c a t i o n s  f o r  selniconductor s l i c e s  and f o r  
low cos t  s o l a r  c e l l  s l i ces .  
TABLE I. COEPARISON OF SLICE CUTTING SPECIFICATIONS 
SPECIFICATION 
DIAMETER 
SLICE THICKNESS 
KERF 
CUTTING RATE 
YIELD - 
BLADE L ~ F E  
CORE 
CONVENTIONAL 
75-100MM 
25-30 MILS 
11-16 MILS 
1-2 INjFtIM 
HIGH 
2000 
5 MILS 
LOW COST SOLAR CELL GOALS 
125MM 
10-11 MILS 
5-6 MILS 
3-4 IN/FIIN 
95% 
4000 
1-2 K i L S  
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I n  the follow in^ d iscuss ion i t  should be ev iden t  t h a t  " e x i t  c h i p p i r ~ g "  
o r  saw f r a c t u r i n q  i s  a  major problem t o  be overcome if these low cos t  s o l a r  
c e l l  goals a re  t o  be met. 
DISCUSS 10:: 
H is to r i ca ; l y  e x i t  ch ipp ing  i s  seen most ly  i n  the  (100) o r i e n t a t i o n .  
Unfor tunate ly ,  t h i s  !s t he  most des'rable o r i e n t a t i o n  f o r  s o l a r  c e l l s  be- 
cause o f  the  added b e n e f i t s  o f  pyramid iz inq the  sur face (2 ) .  P o s i t i v e  b lade 
dev ia t i on  (bow) and excess hyd ra i l i i c  pressure a re  known t o  be +... l e t e r i o u s  
in f luences.  Backing by s a c r i f  i ~ i s  I s i l  i c r n  s t r i p s  and us ino vacuum s l i c e  
r e t r i e v a l  have helped reduce 'be problem a t  t imes. The middle s l i c e s  i n  a  
group o f  8  o r  10 a re  sometires more l i k e l y  t o  shrw e x i t  chipping. Other 
knowledge t h a t  bears on the  sub jec t  i s  1)  t h a t  sur face damage i s  pre- 
dominantiy microcracks o r i en ted  p a r a l l e l  t o  t he  abras ive path ( I ) ,  and 
2) t h a t  t he  i n s i d e  ( c r y s t a l  s i de )  o f  t he  wafer has the deeper damage (3 ) .  
Figure 3 shows an e x a ~ 9 l e  c f  t he  f r a c t u r e  surface. The f r a c t u r e  sur face 
cons is ts  o f  a  co l l ec t ' c7  o f  subf ractures t h a t  o r i g i n a t e  i n  the  k e r f  and move 
s u b s t a n t i a l l y  as a  s i n q l e  c13ack a f t e r  s t a r t i n g  a t  e i t h e r  edge. 'The f r a c t u r e  
i s  roughly  p a r a l l e l  t c  saw marks and l i e s  approximately a t  the  same angle  
f r ~ m  the s l i c c  as does the p re fe r red  cleavage plane (111). Even i f  t he  
d i r e c t i o n  o f  c u t  i s  toward 3nother azimuth than t he  standard (110) d i r e c t i o n ,  
the f r ac tu re  p s r a l l e l s  the  saw marks and i s  composed approximately o f  {111) 
surfaces. Figure 4 shows a  f r a c t u r e  sur face near an edae of t he  s l i c e ,  
where the re  may be more o r  l ess  connected sub-fractures p a r a l l e l i n g  t he  
e x i t  ch ip ,  bu t  which d i d  p o t  develop i n t o  a  f u l l  f r ac tu re .  F igure 5 shows 
"sparkle",  a  r e f l e c t i o n  p a r a l l e l  t o  the  e x i t  ch i p  t h a t  o f t e n  accompanies 
i t  and imp l ies  deeper-than-usual aamaqe t o  the  area o f  the  s l i c e  on which i t  
occurs. The oppos i te  s ide  o f  the s l i c e  and t he  90'-and 180° r o t a t e d  s l i c e  
show ~ u c h  l ess  pronounced r e f l e c t i o n s .  F iaure 6 shows c l u s t e r i n g  o f  s l i c e s  
from surface tens ion when a  s l i c e  r e t r i e v a l  u n i t  i s  no t  used. I f  a  saw i s  
producing e x i t  chipping, a  se r ies  o f  s l i c e s  decrecslna i n  th ickness w i l l  
shod inc reas ing  w id th  o f  the  e x i t  ch ip .  
An i n t e r p r e t a t i o n  o f  the  foregoinp observat ions w i l l  now be g iven i n  
terms o f  crack propagat ion as acted upon by the saw in^ stresses. F ipure 7 
shc.rs a  scale cross sec t i on  o f  the  I.D. saw k e r f  s l o t  du r ing  the  l a s t  p a r t  
of the  cu t .  The d i r e c t i o n  o f  crack t r a v e l  and poss ib le  l oca t i ons  of e x i t  
ch ips a re  shown. Note t h a t  i f  the  c r y s t a l  o r i e n t a t i o n  were (lll), contac t  
f r ac tu res  from the diamond edge can r e a d i l y  form on ?:ares p a r a l l e l  t o  the  
k e r f  s l o t  (p lane 1-6) and would be removed by thz  adv, - i n g  blade. Th is  
exp la ins  why on ly  (100) e x i t  ch ipp ina i s  seen. Since the e x i t  ch ips a re  
roughly  p a r a l l e l  t o  sad marks, the  aeneral locus o f  the  crack must be 
determined by contact  stresses a l though the exact locus depends on a l ready  
e x i s t i n g  subf ractures loca ted  i n  the  k e r f  reg ion  which a re  caused by more 
than one abras ive p a r t i c l e .  The crack s t a r t s  a t  e i t h e r  edge s ince these a re  
weak areas i n  f l e xu re .  I n  the  more extens ive "saw f r ac tu re " ,  the  f r a c t u r e  
plane o f t e n  changes part-way across the s l i c e  t o  be o the r  than p a r a l l e l  t o  
the saw mark because the speed o f  the  CraCK accelerates beyond the  speed o f  
the blade t r a v e l ;  i .e., o r ~ t s t r i p s  t he  advance of  t he  con tac t  s t ress  f i e l d .  
With t h i s  p i c t u r e  o f  crack o r i g i n  and propaaation i n  mir,d, the in f luence of 
various external  fac to rs  on the  opening o f  the  crack can be seen. These 
fac to rs  can be conveniently d iv ided 5nto two types: fac to rs  t h a t  wedge the 
crack apart  and those t h a t  bend the  s l i c e  away from the  c r y s t a l .  
Factors o f  the f i r s t  type are: d u l l  blade (abrasive p a r t i c l e s  no t  
s u f f i c i e n t l y  exposed), excessive feed rates,  blade e c c e n t r i c i t y  , and i n - p l  ane 
v ib ra t ion .  Figure 8 shows what happens i f  any o f  these fac to rs  r i s e s  above 
reasonable l i m i t s :  the mater ia l  t o  be removed b u i l d s  up; contact stresses 
increase grea t ly ,  and microcracks lenqthen accordinaly.  Since some o f  tqe  
cracks extend beyond the k e r f  s l o t  i n t o  the s i l i c o n ,  the general damage t o  
the s l i c e  i s  greater than i s  necessary. Such damage i s  d i r e c t i o n a l  : 
microcracks on one o f  the two sets o f  {Ill) planes whose i n te rsec t i on  i s  
p a r a l l e l  t o  the blade t rave l  propagate away from the s l i c e  as they proaress, 
wh i le  the other  set  o f  microcracks propaqate i n t o  the s l  f cz. 
Factors o f  the second type are: l a t e r a l  blade v ib ra t i on ,  (1) excess 
hydraul ic  pressure ( I ) ,  surface tens ion toward adjacent s l  i ces  (4), bow (5),  
and f l exu re  o f  the mounting s t r i p  (4) .  A l l  o f  these fac to rs  can be seen 
through Figure 7 t o  be capable o f  con t r i bu t i na  t o  the beni ing o f  the s l i c e  
away from the c rys ta l .  Pos i t i ve  bow would apply a greater l e v e r  arm t o  a 
bending force than would negat ive bow, and would there fo re  be more dele- 
ter ious.  Even the weiqht o f  the s l i c e  would add t o  bending i n  le case o f  
hor izonta l  blzdes, which perhaps explains deeper damace i n  the case o f  
hor izonta l  saw (5). Latera l  v i b r a t i o n  o f  the saw blade i s  a ma,~n con t r i bu to r  
t o  bending fo rce  and t o  dynariic s t ress pulses (6).  I f  the major out-of -  
plane de f lec t ions  occur a t  v = 500-1000 timeslsec (11, there would be 
s u f f i c i e n t  t ime f o r  cracks t o  move through the s l i c e  w i t h  on ly  5% o f  the  t ime 
under tension: Crack penetrat ion = V/P x0.05=20~10~/1000 x 0.05 = lmn, where 
v = crack ve loc i t y .  (Crack v e l o c i t y  i~ abraded s i l i c o n  acceler.ates from 
20-40 t o  1000 mlsec w i  t h i , ~  ap~ rox ima te l y  0.05mm ( 7 ) .  A major : -ont r i  bu t i on  t o  
inplane 8 l a t e r a l  v ib ra t ions  i s  the  imbalance i n  the c u t t i n a  head (8). 
Another i s  loss o f  blade tension. Factors o f  the  bendina type a lso  in t rL -uce  
a f u r t h e r  d i r e c t i o n a l i t y  t o  the damage: when the  blade i s  f a r  from the l a s t  
p a r t  o f  the cut,  the s l i c e  f l exu re  away from the c r y s t a l  favors crack 
propagation which damagcs the i ns ide  o f  the s l i c e  ra the r  than the outside. 
The foregoi ng considerateions i nd i ca te  how ? conventional s7,w can be 
operated t o  incnimize e x i t  chipping; they a lso  i n d i c a t e  design fac to rs  f o r  
a new generation o f  saws f o r  c u t t i n g  low cos t  so la r  c e l l  s l i ces .  These 
fac to rs  are l i s t e d  i n  Table 11. 
Another p rac t i ca l  bene f i t  o f  t h i s  study o f  e x i t  ch ipping t o  prpsent saw 
p rac t i ce  i s  t h a t  the depth o r  w id th  o f  the e x i t  ch ip  may be w e d  as a 
simple and cor~veni ent measure f o r  studying the e f f e c t s  o f  var ious parameters 
on s l i c e  damage by the  saw. 
Fig. 1. I.D. saw geometry. Pig. 2.  GO) ex i t  chip.  
Direet,on of blade travel 
Fig. 3. Fracture sr.rfsc* of bl;, 4. 3ubfractures iu slice 
(100) exit chip.  D-I-ection surface ~sralleliny axit chip. 
of blade t rava l  townisd bottom 
page. 
Pig. 5 .  %parklen : Reflection Fig. 6. Clustering of s l i c e s  
from s l i c e  surface parallel  t o  from surface tension. 
e x i t  chip. 
I D SAW BLADE 
PLEFERRED PLANE 
OF FRACTURE 
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GRAPHITE STRIP 
Fig. 8. Schematic diagram of 
s tress  f i e l d s  caused by a sin- 
g l e  partic1.e contact i n  ksrf 
s l o t  i n  the case of continuous 
(concentric) cutting ( l e f t )  
and intermittent (eccentric 
cutting (r ight ) .  
Fig. 7 .  Scale cross section 
of I . D .  saw kerf s l o t .  
This study has: 
o Given a b e t t e r  understandins o f  ex i t - ch ip  ois saw-fracture formation, 
and o f  the I.D. sawinq process f o r  s i l i c o n .  
o Shown how t o  minimize the e x i t  ch ip  as a nuisance defect  and obta in  
shallower damage as a bonus. 
o Indicated 8 qer-ious problem i n  c u t t i n g  low cost  so la r  c e l l  s l i c e s  by 
present I .D. saws. 
o Pointed out  desi rable design features f o r  new saws f o r  u l t r a - t h i n  
s l i ces .  
o Found a simple wcy t o  measure harshness o f  the s iwing cond i t ion  - 
measuring the s ize  o f  the e x i t  chip. 
o Explained why the c r y s t a l  s ide o f  a raw s l  i c e  has deeper damage then 
the outside. 
TABLE I 1  DESIRABLE CONDITIONS FOR MINIPIZING 
EXIT CHIPPING AND DAMAGE IN PRESENT SAWS AND 
A NEW GENERATION OF SANS 
PRESENT SAWS NEW SANS 
CONTACT BENDING 
CONTACT FACTORS BENDING FACTORS STRESS FACTORS FACTORS 
CONCENTRIC BLADE BALANCED HEAD MIN. SPRUNG SLICE 
WEIGHT & HEAD BACKING 
MIN FEED RATE LOW HYDRAUL I C  FORCE SENSITIVE BLADE 
(TRADE-OFF) PRESSURE FEED DAMPEN I NG 
( 1  
AUTO SHARPEN I NG SLICE RETRIEVAL 
TENSION CHECKING SLICE TRACKING 
AND CONTROL (BOW) 
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DISCUSSION: 
CHEN: Your paper is extremely interesting. I have a paper published in the 
Proceedings of the Electrochemical Society, an analytical model, which 
shows the edge chip due to the same P force, either wedging force or bend- 
ing force from the blade. That model indicated the exit chip can be pre- 
vented by sufficient support because if your submounting strip under the 
ingot is not large enough when the force is great, the bending force would 
break up the wafer. A sufficient supporting of the wafer would prevent 
this exit chip. There is a relationship between the forces and thickness 
as a function of the width of the submount:ng. 
DYER: People told me before that when they support the crystal all around with 
some sort of coating or something, that problem is helped. In our industry 
they want to get by with as little as possible. They wouldn't pay for a 
very big thing under there. 
WOLF: It seems that without a sacrificial submount no wafer ,.auld cone out 
without exit chips. If your feed force is pushing down, there will be a 
stress concentration on the corner. Just at the end; where this is weak 
enough it ultimately should snap off. There's no way of preventing it 
unless we have something underneath, which stiffens it, and prevents it 
from being bent down at the end. 
DYER: Of course, we do have a fairly thick support under the thing. But you 
see all of these things have elasticity and the mounting medium, the glue 
that you put it on with, is not perfectly rigid. 
If you look closely under a microscope at the edges oi the slices, 
you'll see some degree of exit chipping on the (100) in almoJt all circum- 
stances. 
If it's only a tenth of the way through the slice, it's net important 
either to solar cells or to the industry because we grind away the edge 
for other reasons. 
WOLF: I didn't quite understand this "clustering of the middle wafer" in a 
cluster of wafers ... how was this obtained, and what's the problem? 
DYER: It was an interesting thing that they had noted. In sequence, first you 
cut a slice without a slice retrieval unit and leave it standing there. 
Then you cut the next slice and if there's sufficient liquid around, it is 
attracted to the first wafer and it moves over half the size of the kerf 
slot. Then the next slice moves over another half of a kerf slot. Even- 
tually you reach a point at which the stress is high enough to help make 
this exit chip. Then you reach a point that the restoring force is so 
great that you can't make the surface tension connection with the next 
slice. So then it's free-standing again, and the next one attaches to it, 
and so on. They cluster in groups of anywhere from two to six or eight. 
Generally, four or five. With a slice retrieval unit, you get rid of that 
entirely. 
REIMANN: I 'd  l i k e  t o  know the thickness of the wafers and what adhesive you 
used t o  mount the c r y s t a l ?  
DYER: The drawing I showed is a s  i f  the s l i c e s  were 20 m i l s  thick. That was 
3-inch s l i c e s .  Typically,  people i n  the  indus t ry  cu t  them a l i t t l e  
thicker  than that .  The subs t r a t e  and mounting s t r i p  can be any number of 
things. I know t h a t  we have used a bakelite-type p l a s t i c  and graphi te .  
REIMANN: Which did you f ind  b e t t e r ?  
DYER: That depends. Bet te r  is  not the case here. Which is cheaper? They 
both work. 
KUAN: Did you f ind t h i s  e x i t  chipping phenomenon occurs more o f t en  when you 
bere s l i c i n g  the end of the  ingot o r  i n  the  middle of the ingot? 
DYER: There d idn ' t  seem t o  be any d i f fe rence  where you were i n  the ingot. Of 
course, you don't leave a l l  those s l i c e s  on a t  a time. You ju s t  take them 
off  every once i n  a while. I t ' s  b e t t e r  t o  take them off  one a t  a time. 
The various saw manufacturers have s l i c e  r e t r i e v a l  systems, i f  your opera- 
t o r s  w i l l  take the t rouble  t o  keep them working and i f  it means anything 
t o  them, which it apparently doesn't ,  because they 6on't work half  the 
time . 
MORRISON: Do you not ice  a d i f fe rence  i n  depth of damage from the top of a 
wafer t o  the bottom of a wafer? Admittedly, when you ge t  t o  the bottom 
your whole lever  forces  a r e  g rea t e r ,  but when you're a t  the bottom, you do 
have damping i n  the s l o t  t h a t  might reduce the depth of damage. Have you 
measured depth of damage from top t o  bottom of a wafer? 
DYER: I 've  seen both, ac tua l ly .  This is more complex than I ' ve  shown here.  
There a r e  times when, f o r  some reason, the v ib ra t iona l  s i t u a t i o n  seems t o  
a l l  of a sudden hu r t  the bottom pa r t  of the  s l i c e  more than the top, and 
I 've seen it where i t ' s  worse a t  t.le top also.  
